We study an inhomogeneous three-orbital Hubbard model for the Cu-substituted iron pnictides using an extended real-space Green's function method combined with density functional calculations. We find that the onsite interactions of the Cu ions are the principal determinant of whether an electron dopant or a hole dopant is caused by the Cu substitution. It is found that the Cu substitution could lead to a hole doping when its onsite interactions are smaller than a critical value, as opposed to an electron doping when the interactions of Cu ions are larger than the critical value, which may explain why the effects of Cu substitution on the carrier density are entirely different in NaFe1−xCuxAs and Ba(Fe1−xCux)2As2. We also find that the effect of a doping-induced disorder is considerable in the Cu-substituted iron pnictides, and its cooperative effect with electron correlations contributes to the orbital-selective insulating phases in NaFe1−xCuxAs and Ba(Fe1−xCux)2As2.
I. INTRODUCTION
Iron-based superconductors [1] [2] [3] have attracted great attention in recent years due to their considerable high superconducting transition temperatures and their rich phase diagrams, which are qualitatively similar to that of cuprate superconductors. 4, 5 In cuprate superconductors, substituting Cu with other transition metals is an effective way to gain a better insight into the origin of the high-temperature superconductivity. 6, 7 Likewise, many experiments were conducted to reveal the effects of substituting Fe with other transition metals in some families of iron-based superconductors.
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Among various transition-metal substitutions, Cu doping is highly disruptive to the electron structures of the FeAs sheets. There is lively debate on whether electron doping or hole doping occurs in Cu-substituted Fe-based superconductors.
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On the one hand, the X-ray photoelectron spectra 11, 12 show that Cu has a closed 3d 10 shell in Ba(Fe 1−x Cu x ) 2 As 2 and SrFe 2−x Cu x As 2 compounds, suggesting that Cu substitution behaves like hole doping. On the other hand, in the 122 phase, both Cu and Ni substitutions introduced a significant electron doping effect in Ba 0.6 K 0.4 Fe 2 As 2 and suppressed the superconducting transition temperature considerably. 13 Nevertheless, the angle resolved photoemission spectroscopy (ARPES) experiment on Ba(Fe 1−x Cu x ) 2 As 2 predicted that a part of the electrons in Cu substitution preferentially occupied the Cu 3d states and did not behave like a mobile carrier. 14, 15 Moreover, the measurements on a series of NaFe 1−x Cu x As single crystals showed that Cu substitution serves as an effective electron dopant with strong impurity potential. 16 Such an observation was also supported by the ARPES study, which exhibited the increasing of the Fermi level in NaFe 1−x Cu x As, indicating a fraction of electron doping introduced by the Cu dopant. 17 Up to date, the dispute on the electron or hole doping in the 111 and 122 phases is far from resolved. Therefore, further investigations are needed to explain the reason why the Cu substitution plays different roles in NaFe 1−x Cu x As and Ba(Fe 1−x Cu x ) 2 As 2 compounds. One also notices that the random distribution of Cu over Fe has been confirmed by the X-ray absorption nearedge structure in the Fe K edge in Fe 1−x Cu x Se 1−δ . 18 The first-principles calculation also highlighted the necessity of including disorder effects on the iron-based superconductors with transition-metal substitution. 19 Therefore, the quantum phase transition introduced by substituting Fe with Cu is complicated because Cu doping not only changes the carrier density but also leads to strong disorder effect. Additionally, the first-principles calculation demonstrated that the effective on-site Coulomb interactions in some families of Fe-based superconductors were considerably strong, 20 leading the parent compounds to be very close to the Mott insulating phase. 21 The role of electronic correlation in the renormalizing of electronic bandwidths, 22 magnetic moments 23 , orbitalselective Mott phase, 24, 25 and orbital order 26 in ironpnictides is also recognized. More interestingly, heavy Cu doping drives the occurrence of a metal-insulator transition (MIT), 16 which rarely happens in iron-pnictide compounds. This naturally raises a question as to whether the substitution of Fe with Cu drives the system to transit from a metal to an insulator, as was observed by Wang et al., 16 and what the nature of the MIT is.
To understand the mysterious electron or hole doping and the underlying physics of the MIT tuned by substituting Fe with Cu in an Fe-based superconductor, we proposed an inhomogeneous three-orbital Hubbard model after reconstructing the Fermi surfaces of NaFeAs and NaCuAs based on the first-principles calculations. Here we develop an extended real-space Green's function method, which is an adequate approach for the study of the cooperative effect of the multi-orbital electronic cor-relations and doping-induced disorder. We find that the increasing of the onsite interactions u of the Cu ions can transfer electrons of Cu ions to Fe ions, and the critical point of the inversion from hole doping to electron doping is about u c =5.2 eV when the interactions of Fe ions are U =1.5 eV and J = U/8. It is found that the Cu substitutions lead to a hole doping when u <5.2 eV, as opposed to an electron doping when u ≥5.2 eV, where the carrier occupancy of the Cu sites drops to zero. With the increasing of Cu substitutions, an enhancement of the Anderson localization in d xz and d yz orbitals is observed, whereas a Mott gap is found in the d xy orbital, indicating that the cooperative effect of multiorbital correlations and doping-induced disorder can lead to an orbitalselective insulating phase in the Cu-substituted Fe-based superconductor.
This paper is organized as follows. In section II, we first present the electronic structures of compounds NaFe 1−x Cu x As obtained by the first-principles calculations; we then propose an inhomogeneous three-orbital Hubbard model to study the cooperative effects of the multi-orbital correlations and doping-induced disorder in Cu-substituted iron pnictides. The extended real-space Green's function approach employed in this paper is introduced in section III. In section IV, we study the effects of Cu substitution on the carrier density and discuss the orbital-selective insulating phase introduced by the cooperative effects of multi-orbital interactions and doping-induced disorder. The principal findings of this paper are summarized in section V.
II. LDA BANDS AND MODEL HAMILTONIAN
We first perform the local density functional calculation to understand the primary electronic structures of Cu-doped compounds NaFe 0.9 Cu 0.1 As, NaFe 0.8 Cu 0.2 As, NaFe 0.7 Cu 0.3 As, and NaCuAs, as well as the parent compound NaFeAs. The band structures are calculated by the full potential local orbital (FPLO9) code 27 using the Perdew-Wang 92 version 28 of the local-density approximation (LDA) for the exchange and correlation potentials. The orbitals of sodium (2s, 3s, 4s, 2p, 3p, 4p, and 3d), iron (3s, 4s, 5s, 3p, 4p, 5p, 3d, and 4d), and arsenic (3s, 4s, 5s, 3p, 4p, 5p, 3d, and 4d) ions are treated as valence states, while the other lower-lying orbitals are considered as core states. Utilizing the lattice constants and atomic positions obtained by experiments, 16 the selfconsistency process counts a total of 10416 irreducible k-points for the k-space integrations.
We plot the band structures of NaFeAs and NaCuAs in the upper and lower panels of Fig. 1 , respectively. The heavy stripes represent the weights of Fe and Cu 3d orbitals contributed to the bands. The weights are normalized, that is, the summation of the weights of all valence orbitals at a given point of the band structure should be unity. From Fig. 1 , we find that the principal bands that determine the Fermi surfaces of NaFeAs comprise three strongly hybridized Fe 3d orbitals d xy , d xz , and d yz . Moreover, it is shown in Fig. 1 that the Cu 3d orbitals primarily distribute from -2 eV to -4 eV below the Fermi level, suggesting that 3d orbitals of doped Cu ions sink below Fermi level. In addition, we find that the weight of those bands around the Fermi level comes from As 4p orbitals. The Cu 4s and Na 3s orbitals are higher in energy and irrelevant. We also plot the total density of states (DOS) of NaFeAs in Fig. 2 . It is obvious that the DOS of Fe 3d orbitals at the Fermi energy is dominant. While, the DOS of Na 3s and As 4p orbitals near the Fermi level are both very small, indicating that these orbitals could be ignored.
The coherent potential approximation (CPA) 29,30 is employed to account for the effect of substitutional disorder introduced by the Cu doping at Fe sites in NaFe 1−x Cu x As. As implemented in the FPLO5 code, 31 the CPA approach treats approximately the disordered crystal as an effective medium. 29, 30 In the CPA calculation of the variation of electronic structure caused by Cu doping, the lattice parameters of NaFe 1−x Cu x As (x=0.1, 0.2, and 0.3) are fixed at the experimental values of the parent compound NaFeAs, and 1496 irreducible k-points are counted.
In Fig. 3 , we show the DOS of NaFe 1−x Cu x As at x=0.1 and 0.3 near the Fermi level, respectively. With the increasing of Cu-doping concentration, the energy distribution of Cu 3d orbitals does not vary significantly, clearly indicating that the Cu 3d orbitals always lie far below E F . We do not observe MIT over a wide region of Cu- doping concentration, suggesting that the filling-factor controlled MIT could be ruled out, and thus the electronic correlation or disorder driven MIT is the most relevant candidate.
The band structure and orbital composition obtained by the first-principles calculation for undoped NaFeAs can be reproduced by a three-orbital tight-binding (TB) model. The TB model parameters are shown in Table I, which are very similar to the model parameters of Ref. [32] . Based on our LDA calculations of NaFe 1−x Cu x As, we introduce an inhomogeneous threeorbital Hubbard model for the Cu-substituted Fe-based compounds, where a certain percentage of Fe sites replaced by Cu ions are chosen at random. Therefore, the whole Hamiltonian consists of three parts, 
where c † site i, and n iασ = c † iασ c iασ represents the corresponding electron number operator. T iα,jβ represent the hopping integrals of electrons between nearest-neighbor (NN) or next-nearest-neighbor (NNN) iron sites i and j within orbitals α and β.
33 ∆ xy = µ xy − µ xz is the energy difference between the d xy and degenerate d xz /d yz orbitals. More details regarding the definition of kinetic energy in a Hamiltonian (2) can be found in appendix A. U and U ′ are the on-site intra-orbital and inter-orbital Coulomb interactions on iron sites, respectively, and J = J z represents the Ising-type Hund's couplings. In our calculations, we ignore spin-flip and pair-hopping processes. As shown by the first-principles calculations, the hybridization is mainly between the Fe 3d orbitals and the Cu 4s orbitals, but it is very weak. The Cu 3d orbitals distribute from -2 eV to -4 eV below the Fermi level, unlike the Cu ions in cuprate high-T c superconductors. When an Fe ion is substituted by a Cu ion in Fe-based superconductors, we need to consider all three t 2g orbitals of a Cu ion instead of the single d x 2 −y 2 orbital. Therefore, the Hamiltonian for the Cu substitutions is
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where
creates (annihilates) an electron at a copper site i ′ . ν γ are the chemical potentials of different orbitals γ. The intraorbital hopping integral between two copper sites is indicated as t i ′ j ′ , and the intraorbital and interorbital interactions, as well as the Hund's rule couplings, are represented by u, u ′ , and j for copper sites, respectively.
As our calculations show that the intraorbital interactions u play a principal role, only the effect of u is taken into account. That is, we choose u ′ = u and j = 0 in our discussion of Cu substitution effect in the iron pnictides. Because the Cu 3d orbitals locate about 3 eV below the Fermi level, the intraorbital hopping integrals t ij are predicted to be quite small. Owing to the restriction of the precision limitation of our calculations for the disordered cases, we approximate t ij in the range of 0 to 0.03 eV for the NN hopping integrals between Cu ions. In our calculations, we choose t=0.01 eV for the NN hopping terms but t = 0 for other long-distance hopping terms. We find that the value of t only has an extremely-limited effect on the bandwidth of the Cu impurity band, and its effect on the DOS of Fe is negligible when the concentration of Cu substitution is less than 0.2.
Moreover, the hybridization of Fe and Cu ions can be expressed as
Because of the very weak effects of the long-distance terms, we only need to consider the NN hopping integrals t ′ between Fe and Cu ions, which are also assumed as 0.01 eV. Just the same as t, the effect of t ′ on the DOS of Fe ions is also negligible for the case with x < 0.2. We study the inhomogeneous three-orbital Hubbard model Eq. (1) by developing a real-space Green's function method, which is described in the next section.
III. REAL-SPACE GREEN'S FUNCTION APPROACH
For a three-orbital Hubbard model, the real-space Green's function of a square lattice with N = L 2 sites is expressed as a 3N × 3N matrix
where h represents the sites occupied by Cu ions. G ij , F ij , and D ij are 3 × 3 matrices with elements defined as
Each element of the Green's function matrices is obtained by the equation of motion, 37 for example,
from which come the second-order Green's functions, i.e. n ilσ c iασ | c † jβσ
on the right side of Eq. (7). Similarly, the second-order Green's functions can be obtained by their equations of motion, where we will find the third-order Green's functions. Having an analogy with the Hubbard-I approximation, 38 we introduce a proper decoupling process to make up a selfconsistent loop for the calculations of inhomogeneous Green's functionĜ. More details can be found in Appendix B.
We thus obtain a complete and solvable set of equations for all elements of the Green's function matrixĜ in Eq. ( 5),
with
Therefore, the real-space Green's function matrix G can be obtained self-consistently by the matrix relationship
where M and N are also 3N × 3N matrices that consist of the correlation functions, which can be obtained by the spectral theorem AB = −
The real-space Green's functions can be transformed into the momentum-space by using the Fourier transformation,
, where k denotes the wave-vectors in the unfolded Brillouin zone (BZ). 39 The one-particle spectral density is obtained by
where the matrix of the momentum-space Green's function G k (ω) is diagonalized to include the strong hybridization of d xy , d xz and d yz orbitals of Fe ions. In the next section, we study the effect of disorder introduced by substituting Fe with Cu in Fe-based superconductors.
To study the substitution effect of Cu ions in a finite square lattice, a portion of sites chosen randomly should be assigned to the Cu impurities. For example, if the concentration of the Cu substitution is x = 0.04, we choose randomly 16 sites for Cu ions in a N = 20 × 20 lattice, and all the other sites are for Fe ions. For a certain disorder configuration, we calculate the real-space Green's function as described above to obtain physical properties, such as the local density of states (LDOS) at site i for orbital α,
To find the averaged DOS of the whole system, we need to calculate the LDOS of different disorder configurations and then determine the sample-averaged values. The DOS of Cu and Fe ions can be expressed respectively as
where N F e and N Cu represent the total numbers of the Fe and Cu ions, respectively. N s is the number of disorder configurations, and we consider more than one hundred disorder samples in the following calculations. The effect of disorder could be studied accurately because our numerical method is just the same as the real-space exact diagonalization method 41 when all the terms of interactions are omitted. 
IV. COOPERATIVE EFFECT OF INTERACTIONS AND DISORDER
The strong correlation and disorder, as described above, have been recognized as two possible fundamental origins that can drive the MIT. In the correlated fermion systems with the presence of disorder, the competition between Anderson and Mott-Hubbard MITs is still a theoretical challenge. 40 Iron-based superconductors are typically multiorbital correlated materials. The ARPES measurement reported strong interactions between electrons in NaFeAs. 42 Furthermore, in NaFe 1−x Cu x As, a strong impurity potential is introduced by substituting Fe with Cu randomly. 16 In this section, to elucidate the Cu substitution effect in iron pnictides doped with copper, we use the newly developed real-space Green's function method described above to study the cooperative effect of the multi-orbital interactions and doping-induced disorder.
A. Multi-orbital Interactions in undoped NaFeAs
To estimate the multiorbital interaction parameters of Fe ions, such as the intraorbital interactions U , interorbital interactions U ′ , and Hund's rule coupling J, we fit our numerical data of the band structures to some experimental and theoretical findings, as shown in Fig. 4 . Because the undoped Fe-based superconductors are indicated to have a filling of approximately two-thirds based on the band structure calculations, 43, 44 we determine the Fermi energy by using a constraint of four electrons per 47, 48 The model parameters are the same as those in Fig. 4 .
Fe,
where f (ω) is the Fermi-Dirac distribution function. Being consistent with the noninteracting spectral density of Ref. [32] , all three t 2g bands across the Fermi surface with bandwidths of D 1 =1.95 eV, D 2 =0.9 eV, and D 3 =1.5 eV, respectively, are shown in Fig. 4 (a) from high energy to low energy. A remarkable effect on the spectral function is found when the multi-orbital interactions are taken into account, especially when all three bands reduce their bandwidth with the increasing interactions. According to some previous theoretical studies of the iron pnictides, 32, 33, 45 Hund's rule coupling is predicted to be J = U/8 and the relation U ′ = U − 2J is also satisfied. As shown in Fig. 4(c) , the bandwidths of the three orbitals are D 1 =1 eV, D 2 =0.7 eV, and D 3 =1 eV, respectively, when U is increased to 1.5 eV. Approximately, the on-site Coulomb repulsion renormalizes the bandwidth of the three bands across the Fermi surface by factors of 2, 1.3, and 1.5, respectively, when U =1.5 eV.
Compared with the ARPES measurement, 46-50 reasonable spectral functions and Fermi surfaces are reproduced qualitatively for undoped Fe-based superconductors NaFeAs and LiFeAs by using the numerical calculations of the undoped three-orbital Hubbard model. That is, when U = 1.5 eV, the bandwidths of the spectrum are about the half of the bandwidths obtained by the LDA, in good agreement with the ARPES experimental observation. 50 Thus, the choice of the intraorbital interactions as U =1.5 eV is reasonable in the following numerical calculations of the Cu substituting effects in NaFe 1−x Cu x As.
Apart from the narrowing of the bandwidths, a significant shift of the Fermi level is also found accompanying the increasing interactions. The three-orbital tightbinding model exhibits two d xz /d yz -dominant hole pockets around the Γ point and one d xy -dominant electron pocket around the X point. The change of the interactions can only transfer electrons from d xz /d yz orbitals to d xy orbital. With increasing U , a clear evidence of the increasing of the outer hole pocket is shown in Fig. 5 . Accordingly, the sizes of the electron pocket and the inner hole pocket also expand with the increasing intraorbital interactions, but are not as significant as the size of the outer hole pocket. Our numerical results are qualitatively compatible with the LDA+DMFT study on the effects of interactions in LiFeAs.
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For the convenience of comparison, we also display schematically the Fermi surfaces of ARPES study on the parent compound LiFeAs. 47, 48 As shown in Fig. 5(a) and Fig. 5(b) , both the electron and the outer hole pockets obtained in the numerical simulations are smaller than the corresponding experimental results in either case, i.e. when U=0 or U=1. As shown in Fig. 5(c) , we can find the best fitting of the Fermi surfaces obtained numerically with the experimental results, suggesting that the reasonable value of the onsite interactions of Fe ions should be U =1.5 eV. Here we need to emphasize that, our theoretical model is applicable to both the 111 and 122 phases. As indicated by the ARPES experiments 47 , in LiFeAs and BaFe 2 As 2 , the sizes of the electron and hole pockets are comparable.
B. Effect of Cu substitution on carrier density
Some experiments concerning the effect of Cu substitution are mainly carried out in the 111-class and 122-class iron-based superconductors. In the 111 phase, such as NaFe 1−x Cu x As 17 and LiFe 1−x Cu x As, 53 it is found that Cu substitution enlarges the electron pocket and shrinks the hole pockets, implying that some extra electrons are brought in. Meanwhile, in the 122-phase, the experimental results have not reached agreement yet, but the prediction of hole doping, introduced by Cu substitution in 122 compounds, is better received. The 3d states of a Cu ion in Ba(Fe 1−x Cu x ) 2 As 2 were found at the bottom of the valence band, forming a localized 3d 10 shell.
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As a result, the Cu substitution should result in a hole doping in the 122 phase. 11, 12, 55, 56 Although the volume of the electron Fermi surface is smaller than the predicted value of the rigid-band model, effective electron doping introduced by the Cu substitutions was also predicted by other experiments. Next, we discuss the distinct effects of Cu substitutions on the carrier density in NaFe 1−x Fe x As and Ba(Fe 1−x Cu x ) 2 As 2 . A first-principles calculation has indicated that the screened Coulomb interaction at Fe atoms of 122 families is less than that of Fe atoms of 111 families for approximately 0.35 eV. 20 As a result, for the two types of iron-based superconductors, the onsite interactions of the Cu impurities should be different accordingly. Because of the comparative localization of the Cu orbitals, the effective interactions of Cu ions should be considerably large. By contrast, the wave functions of Fe orbitals that cross the Fermi level are extended, introducing small effective interactions of Fe ions. For simplicity, in our calculation we assume that the interactions at Cu sites (u) are in direct proportion to the interactions at Fe atoms (U ), with an approximate relation u ≃ 4U . Considering that in Fe-based superconductors, the value of U should be 1 eV< U <2 eV, it is reasonable to predict the interactions of Cu ion as u ≈ 4-7 eV. The above estimated parameters have been proved to be appropriate by a combined valence band photoemission and Auger spectroscopy study of single crystalline Ba(Fe 1−x Cu x ) 2 As 2 , where the interactions in Fe and Cu ions are found to be (1.4±0.6) eV and (7.5±0.4) eV, respectively. 57 Assuming that u ≃ 4U , the deviation is approximately 1.4 eV for the Cu interactions of the 111 and 122 phases.
Effects of the onsite interactions of Cu ions on the DOS are shown in Fig. 6 , where the concentration of Cu substitutions is fixed at x = 0.04. For simplicity, the interactions of Fe ions are also fixed as U =1.5 eV and J = U/8. When u = 3.6 eV, we find very narrow upper and lower Hubbard bands of Cu impurity that locate at ω = 0.7 eV and ω = −2.4 eV respectively, as shown in Fig. 6(a) . Furthermore, the DOS of lower Hubbard band is considerably larger than that of the upper Hubbard band, suggesting that most of the electrons in Cu ions locate far below the Fe bands when u = 3.6 eV. We also find that the DOS of the copper sites shifts from the lower Hubbard band to the upper band with increasing u as shown in Fig. 6(b) and (c) . In addition, the upper Hubbard band moves upwards, such as the upper Hubbard band raises to ω=4.3 eV when u=5.4 eV, which is far above the Fe bands. Our numerical results demonstrate that electrons in the Cu band can transfer to the Fe bands with the enhancement of the interactions of Cu ions.
As shown in Fig. 7 , the carrier occupancy on Cu sites is obtained by integrating the corresponding DOS of Cu ions. We find that the average electron occupancy on Cu sites decreases with increasing u, especially the curve of n Cu vs u, which drops sharply in the vicinity of u=5.2 eV. From the perspective of the carrier density on the Fe sites, the Cu substitutions lead to a hole doping when u <5.2 eV because most electrons rest at the Cu orbitals. However, it is entirely different when u ≥5.2 eV, where the carrier occupancy of the Cu sites drops to zero, leading to electron doping.
To make it more clear, the inset figures in Fig. 7 show a reversal tendency of the dependence of n Cu on x for different u. It is shown that the electron occupancy of each Cu site decreases with increasing x within the hole doping region with u=5.1 eV. On the contrary, the occupancy increases with increasing x in the electron doping region with u=5.4 eV. The ARPES experiment on NaFeAs 17 indicates that the total number of electron carriers introduced by Cu atoms increases when the Cu substitution increases from 0.019 to 0.14. However, the average number of electrons in Cu atom decreases significantly from 1.9 to 0.64 with increasing doping concentration. From the inset in Fig. 7(b) , we find that the average electron occupancy on a single Cu site also increases with increasing x, implying that less electrons can be pushed from Cu sites to the iron sites. This tendency is consistent with the ARPES experiment. In Fig. 8 , we plot the dependence of the variation of the Fermi energy E f on the interactions u. In the weak interaction range of u, the Fermi energy of a Cu-substituted compound is less than that of an undoped compound, being consistent with the hole doping feature. However, when u >5.2 eV, ∆E f becomes positive, which means an electron doping appears. Our calculations demonstrate that the Coulomb interactions u affect the average carrier density on iron sites and the Fermi energy of the whole system by pushing the electrons out of copper orbitals. For this reason, the different effects of Cu substitutions on Fermi energy and carrier density in 111 and 122 phases can be understood because the correlations of the 122 families are smaller than the correlations of the 111 families.
C. Localization effects of Cu substitutions
Aside from the change in carrier density, another remarkable effect of the Cu substitutions is the dopinginduced disorder. Adding the Cu substitutions, the bands are most strongly modified near the Fermi level. It is shown that both two hole pockets around the Γ point and one electron pocket around the X point are very sensitive to the Cu substitution. Apart from the shrinkage of the bandwidth, the most dramatic change in the band structures in NaFe 1−x Cu x As is that the spectral density near the Fermi surface is strongly suppressed, as shown in Fig. 9(a) . As a result, the compound exhibits insulating or bad metallic behavior.
Efros and Shklovskii have demonstrated that the interactions between the localized electrons in a disordered system can create a Coulomb gap in the DOS near the Fermi level. 58 As a result, the appearance of the zero-bias anomaly at the Fermi energy is seen as proof of the localization of electronic states in the correlated systems.
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Just as expected, a soft gap can be found at the Fermi level in the DOS of both the degenerated d xz /d yz orbitals and the d xy orbital when x = 0.04, as shown in Fig. 9(b) and (c). The characteristic of the DOS of undoped compound is entirely different because there is no soft gap at Fermi level for all three orbitals, as shown by the red dashed lines in Fig. 9(b) and (c) . Moreover, the EfrosShklovskii gap can also be found in Fig. 6 . Therefore, we believe that the disorder effect in NaFe 1−x Cu x As is considerably strong.
The iron-based superconductors are predicted to be close to the MIT border but are in the metallic side. by disorder. Experiments found Cu substitution-driven MIT in NaFe 1−x Cu x As, but the mechanism of the MIT is still on debatable.
When U =1.5 eV and J=U/8, it is found that Anderson MIT happens with the increasing of the Cu substitutions, owing to the effect of disorder introduced by the Cu dopant in Fe-based superconductors. Besides, there is no Mott gap for both the d xy and d xz /d yz orbitals at Fermi level when J = U/8, as shown in Fig. 10 . In general, the multi-orbital interactions, especially the Hund's rule couplings are likely to cause orbital-selective transitions. 24 It has also been predicted in some theoretical studies that a wide range of J/U is possible for the iron-based superconductors. For example, the proper range of J/U couplings was predicted as 0.1< J/U <0.33, which was obtained by comparing the theoretical results with neutron scattering and ARPES experiments.
60 Therefore, we also study the effect of the Hund's rule coupling on the MIT in the Cu-substituted iron pnictides. An orbitalselective insulating phase is found when we increase the Hund's rule coupling to J = U/5 and the on-site interactions of Cu ions to u = 4U =6 eV. By observing the evolution of the DOS of the three 3d orbitals, we find that the properties of the insulating phase of the d xz /d yz and d xy orbitals are different. As shown in the left panel of Fig. 10 , a zero-bias anomaly dip can be found with increasing Cu substitution in the DOS of the d xz /d yz orbital, but no hard gap can be obtained. Therefore, the lower-energy states at the Fermi level are Anderson localized as a result. Conversely, as shown in the right panel of Fig. 10 , a hard Mott gap is opened in the Fermi level, indicating that the d xy orbital is in the Mott insulating state. In addition, when J = U/5, the carrier type also changes from a hole doping to an electron doping with the increasing of the Coulomb interaction u of Cu ions.
The effect of disorder on the conductance of Fe-based superconductors with Cu doping is studied by using the Kubo formula, 61,62 which can be simplified, when ω = 0, as a 3 × 3 matrix σ for the three orbital Hubbard model,
The trace is over the sites perpendicular to the current direction (k direction). (i, j) denote the coordinates of lattice sites in the ribbon, where the periodic boundary conditions should be applied only to the i direction, and j and j ′ are chosen to be on opposite sides of the sample along the current direction. The conductance of the whole system can be obtained by adding the conductance of all three orbitals, which correspond to the three diagonal elements of the conductance matrix σ. As mentioned in Sec. III, the averaged conductance is extracted bȳ
where σ (m) is the conductance obtained by Eq. (15) for the m-th disorder configuration, and the resistance could be obtained directly by ρ = 1/σ.
To compare with the experimental results, in Fig. 11 , we show the temperature dependence of the resistance for different Cu concentrations. It is obvious that the compound behaves as an insulator when the density of the Cu substitution is over x = 0.1. We find that the MIT in NaFe 1−x Cu x As is a transition from a metal to an orbital-selective insulating phase, which is caused by the cooperative effect of multi-orbital interactions and the doping-induced disorder. With the increasing of Cu substitutions, the effect of disorder significantly enhances, leading to strong Anderson localization in the d xz and d yz orbitals. Meanwhile, a Mott gap occurs in the d xy orbital. As a result, the resistance increases with increasing doping concentration both for the whole system and the individual orbitals, in good agreement with the experimental results. bard model has been employed to describe the substitution of Cu with Fe based on the electron structures of NaFe 1−x Cu x As compounds. We find that the type of charge carriers introduced by the Cu substitution, namely, electrons or holes, is virtually determined by the effective interactions of the copper atoms. Due to the different environments surrounding the Cu substitution, the interactions of Cu ions in 111 phase are larger than that of 122 phase. As a result, a hole doping is introduced by the Cu substitution in Ba(Fe 1−x Cu x ) 2 As 2 , as opposed to an electron doping in NaFe 1−x Cu x As. Moreover, an orbital-selective insulating phase is observed where the d xz and d yz orbitals are Anderson localized, while the d xy orbital is in the Mott insulating phase. These results explain the experimental observations in NaFe 1−x Cu x As and Ba(Fe 1−x Cu x ) 2 As 2 . T5  T6  T5  T7  T7  T7  T7  (yz, yz)  T5  T6  T5  T6  T7  T7  T7 Table II. The hopping integrals between the d xy and d xz /d yz orbitals contain factors (−1) i that arise from the twoiron unit cell of the original FeAs planes. 33 As a result, those interorbital hopping terms change sign for NN iron sites. Moreover, the NN intraorbital hoppings between d xy and d yz along thex direction, and between d xy and d xz along theŷ direction, as well as the NN interorbital hopping between d xz and d yz orbitals, are all omitted.
Apart from the hopping terms, we need to add a term in the Hamiltonian for the energy splitting between the d xy and degenerate d xz /d yz orbitals, ∆ xy , which is crucial to providing the proper Fermi pockets when fitting with the local density approximation results.
